Background
==========

Aortocoronary vein graft disease can be divided into three discrete, but pathophysiologically linked, processes: thrombosis, intimal hyperplasia, and atherosclerosis \[[@B1]\]. Vein graft failure is usually caused by thrombosis. In early vein graft failure, thrombosis is largely related to technical factors limiting graft blood flow. Vein grafts, that do not occlude early, develop intimal hyperplasia which rarely causes significant stenosis in itself. Intimal hyperplasia may, however, form the soil in which atherosclerotic plaques can develop. Late aortocoronary vein graft failure is most often caused by rupture of an atherosclerotic plaque in the graft leading to thrombotic occlusion \[[@B2]\]. Thereby, the pathogenesis of late graft failure parallels the pathogenesis of atherothrombosis in native coronary arteries \[[@B3]\]. The risk factors for atherosclerosis in aortocoronary vein grafts are also the same as for native coronary artery atherosclerosis with elevated plasma cholesterol being the most important risk factor \[[@B1]\], but vein graft atherosclerosis with atherothrombotic complications develops much more rapidly in aortocoronary vein grafts than in native coronary arteries \[[@B4]\].

Rupture of a lipid-rich atherosclerotic plaque with thrombosis leading to late graft failure remains a substantial clinical problem \[[@B1]\], so we aimed at developing a new animal model in which vein graft atherosclerosis, the primary cause of late vein graft failure, can be studied.

In adult hypercholesterolemic minipigs, we inserted an internal jugular vein graft segment into the common carotid artery (interposition graft). The vein grafts were examined with in vivo ultrasound and angiography and post mortem microscopic examination. The vein grafts displayed the entire spectrum of human aortocoronary vein graft disease, i.e. early thrombosis, intimal hyperplasia, and atherosclerosis. Atherosclerotic plaques were only seen in oversized vein grafts. This finding indicates that use of oversized vein grafts may have detrimental clinical effects through increased risk of atherosclerosis and late graft failure.

Methods
=======

This study was approved by the Danish Animal Experiments Inspectorate.

Minipigs
--------

Ten castrated male minipigs (9 months old) were used in this study. The minipigs are downsized pigs that are homozygous for the low density lipoprotein receptor mutation originally described in the Rapacz pigs \[[@B5]\]. The downsizing process, cholesterol levels, and coronary atherosclerosis have previously been reported and the applicability of this model has previously been reported \[[@B6]-[@B8]\].

Feeding, bodyweight, and blood samples
--------------------------------------

The study protocol is outlined in Figure [1A](#F1){ref-type="fig"}. During acclimatization, the minipigs were fed standard minipig diet and baseline blood samples were drawn. The minipigs were then fed an atherogenic diet for 4 weeks before the grafting procedure and for 14 weeks thereafter. Blood samples were drawn after 2, 4, 14, and 18 weeks on the atherogenic diet and analyzed for plasma total and low density lipoprotein cholesterol.

![**Study design outline and total and low density lipoprotein cholesterol levels**. A. Study design outline. B. Total (filled circles) and low density lipoprotein (empty circles) cholesterol levels over the course of the study. Error bars represent standard deviations.](1471-2261-12-24-1){#F1}

Anestesia
---------

For the surgical procedure and terminal angiography, the minipigs were preanesthetized with a mixture of azaperone (40 mg/ml, 0.1 ml/kg) and midazolam (5 mg/ml, 0.1 ml/kg). Venous access was obtained and the minipigs were sedated with propofol (10 mg/ml, 10-15 ml) followed by orothracheal intubation. The minipigs where then ventilated on a mechanical ventilator and anesthesia was maintained with sevoflurane and continuous infusion of fentanyl (50 μg/ml, 25-30 ml/min). In the first 3 days after the procedures, the minipigs received flunixin (50 mg/ml, 50 μl/kg/day).

For carotid ultrasound the minipigs were sedated with azaperone (40 mg/ml, 0.1 ml/kg) and midazolam (5 mg/ml, 0.1 ml/kg).

Carotid vein graft procedure
----------------------------

The left common carotid was exposed, and an arterial sheath was inserted in the proximal direction. Upon removal of the sheath, the common carotid artery was transected, and a segment of the ipsilateral internal jugular vein was reversed and interpositioned into the common carotid artery with two end-to-end anastomoses. The vein graft segments were harvested immediately before engraftment. The segments were harvested without surrounding tissue and care was taken not to distend the veins during harvest and engraftment. The anastomoses were performed with continuous sutures. The left common carotid artery then consisted of an arterial segment proximal to the vein graft, a vein graft segment, and an arterial segment distal to the vein graft. The arterial sheath was inserted from the puncture site and in the proximal direction; this caused endothelial injury in the proximal arterial segment in relation to the procedure whereas the distal arterial segment was uninjured. To reduce the risk of local clotting and thrombosis, the minipigs received unfractioned heparin in relation to the procedures and aspirin (150 mg daily) thereafter.

Carotid ultrasound and angiography
----------------------------------

Carotid ultrasound including color Doppler and spectral Doppler investigation was performed (GE Logiq 9) 12 weeks after the surgery. A 4 MHz multi frequency curved array and a 10 MHz multifrequency linear transducer were used.

Angiography was performed immediately before termination of the study. Luminal diameters of the proximal arterial and vein graft segments were measured and angiographic stenosis degree (percent diameter stenosis) in the vein graft segment was calculated (\[1-vein graft diameter/proximal arterial segment diameter\]·100). A vein graft segment with an internal diameter exceeding the diameter of the carotid artery was considered oversized, whereas vein graft segments with an internal diameter equal to or smaller than the diameter of the carotid artery were not.

Microscopic examination
-----------------------

The anesthetized minipigs were killed with an overdose of pentobarbital. The carotid arteries with vein graft segments were excised, pressure fixed with 4% formaldehyde at 100 mmHg for 1 hour, and immersion fixed for 6-12 hours. The arteries and vein grafts were sectioned at 4 mm intervals, paraffin embedded, and sectioned for microscopic examination. Hematoxylin and eosin, and trichrome-elastin stains were produced on all sections. To support interpretations based on these staining methods picrosirius red (collagen) and von Kossa staining in addition to immunohistochemistry for smooth muscle cells (Anti-Smooth Muscle Actin, DAKO M0851), macrophages (Anti-Lysozyme 12, DAKO A0099 \[[@B9]\]), and endothelium (Biotinylated Griffonia Simplicifolia Lectin I, Vector Laboratories B-1105) were produced on selected sections.

Digital images from microscopic examination were obtained and measurements on thickness and area were performed in ImageJ (National Institutes of Health). In the proximal and distal arterial common carotid artery segments, the intimal areas were measured in all sections. In the section with the largest intimal area, the intimal lesion was classified as described in Table [1](#T1){ref-type="table"} and intimal thickness was measured where it was thickest. In the vein grafts, intima and media were evaluated together because the intima-media border is ill-defined since the internal elastic lamina is ill-defined. In the vein grafts, the section with the most advanced intima-media lesion according to Table [1](#T1){ref-type="table"} was used in the analyses. Intima-media thickness was measured where the vein graft wall was thickest.

###### 

Lesions in vein graft and artery proximal and distal to the graft

  Segment                                           Artery proximal to graft^a^   Vein graft^a^   Artery distal to graft
  ------------------------------------------------- ----------------------------- --------------- ------------------------
  **Lesion type**^b^                                                                              
  Normal intima or adaptive intimal thickening^c^   1 (12.5%)                     5 (62.5%)       8 (89%)
  Intimal xanthoma (fatty streak)^d^                7 (87.5%)                     0               1 (11%)
  Plaque without necrotic core^e^                   0                             1 (12.5%)       0
  Plaque with necrotic core^f^                      0                             2 (25%)         0
  **Lesion thickness**                                                                            
  Intimal (vein graft wall) thickness in μm^g^      82 (47)^h^                    712 (276)       26 (32)^h^

Lesion types are given as count (frequency) and lesion thickness as mean (standard deviation)

^a^n = 8: thrombosed segments were not classified

^b^The distribution of lesion types differ between the three segments (P \< .01) and also between the two arterial segments (P \< .01)

^c^Lesion consisting of normal connective tissue containing smooth muscle cells. No lipid accumulation or macrophages

^d^Lesion consisting of normal intima except foam cell accumulation near lumen

^e^Lesion with extracellular accumulation of lipid and connective tissue with fibrosis with or without calcification. No lipid-rich necrotic core

^f^Lesion containing a lipid-rich necrotic core

^g^In the vein grafts, the intima-media border is ill-defined and intima and media were considered together in the vein grafts

^h^Intimal thickness was significantly different between the arterial segments (P \< .05)

The scheme used to classify atherosclerotic lesions focuses on the lipid-rich necrotic core which is the most dangerous component by destabilizing plaques leading to rupture and thrombosis \[[@B10]\].

Statistical analysis
--------------------

Categorical values are presented as count (frequency) and numerical values as mean (standard deviation). Comparisons of numerical values were performed with Kruskal-Wallis tests, and test for correlations were performed with Spearman\'s rank correlation test. Proportions were compared with two-sample proportion calculator (Stata/IC 10.1 for Windows, StataCorp LP, TX, USA). P \< .05 was considered statistically significant.

Results
=======

One minipig died during follow-up in relation to blood sampling, so 9 minipigs were available for in vivo carotid flow measurements by ultrasound and for in vivo angiography and post mortem microscopic examination.

Body weights and plasma cholesterol
-----------------------------------

The minipigs had a steady low incline in bodyweight during the study, and all but one minipig (84 kg) weighed between 30 kg and 50 kg at the end of the study. The plasma total cholesterol levels rose markedly in response to the atherogenic diet, and this rise was mainly due to a rise in low density lipoprotein cholesterol (Figure [1B](#F1){ref-type="fig"}).

Carotid flow and angiography
----------------------------

One vein graft showed evidence of early failure, i.e. early thrombotic occlusion. In the remaining eight minipigs, the carotid blood flow was 192 ml/min (80 ml/min), the peak systolic flow velocity was 99 cm/s (21 cm/s), and the end diastolic flow velocity was 12 cm/s (8 cm/s). The pulsatility index was 3.0 (1.3), and the resistive index was 0.87 (0.10) \[[@B11]\].

Angiographically, the luminal diameter of the vein graft was 2% (7%) larger than that of the common carotid artery proximal to the graft (Figure [2](#F2){ref-type="fig"}) ranging from 13% below to 33% above the common carotid artery diameter.

![**Ultrasound and angiography of a common carotid artery with vein graft**. Gray-scale ultrasound (A) and angiography (D) showing the anatomy. Color Doppler (B) and spectral Doppler (C) investigation showing normal flow. Yellow arrows point at the anastomoses (ANA). CCA = common carotid artery. PI = pulsatility index. RI = resistive index.](1471-2261-12-24-2){#F2}

Microscopic examination
-----------------------

One vein graft had thrombosed early and was subsequently partially recanalized. The organized thrombus extended \> 4 cm into the proximal arterial segment with previous endothelial injury but only \< 1 cm into the distal arterial segment without endothelial injury. In the remaining 8 minipigs, there was no sign of thrombosis in the vein grafts.

Atherosclerotic plaque had developed in three minipigs. In one minipig, a plaque without a lipid-rich necrotic core was found in the intima-media layer and in two minipigs plaques with lipid-rich necrotic cores were found (Figure [3](#F3){ref-type="fig"}). In the proximal arterial segment that was subjected to endothelial injury at the time of engraftment, intimal xanthoma (fatty streak) was found in all but one minipig. In contrast, in the distal arterial segment that was not subjected to endothelial injury, normal intima or intimal thickening was found in all but one minipig (Table [1](#T1){ref-type="table"}).

![**Vein graft with atherosclerotic plaque containing a lipid-rich necrotic core**. A, Picrosirius red stain viewed under polarized light (collagen lights up), the necrotic core is defined by lack of collagen (black area marked with asterisk). B, immunohistochemical stain for smooth muscle cells demonstrates lack of smooth muscle cells in the necrotic core (asterisk) and plenty of smooth muscle cells in the fibrous cap separating the necrotic core from the lumen. C, lectin stain demonstrates neovascularization of the vein graft but also stains macrophages and erythrocyte membranes including the debris from these cell types that can be found in the necrotic core (asterisk). D, immunohistochemical stain for macrophages demonstrates numerous macrophages in the border of the necrotic core (asterisk).](1471-2261-12-24-3){#F3}

The intima-media thickness in the 8 patent vein grafts was 712 μm (276 μm). In contralateral control internal jugular veins (not perfusion fixed), the intima-media thickness was 204 μm (74 μm). The difference in intima-media thickness between normal jugular veins and the arterialized internal jugular vein grafts was statistically significant (P \< .01). In the 5 vein grafts without plaque, the intima-media thickness was 608 μm (254 μm) and significantly larger than in control veins (P \< .05). In the 3 vein grafts with plaque, the intima-media thickness was 882 μm (258 μm) and significantly larger than in control veins (P \< .05). There was no significant difference between intima-media thickness in the vein grafts with or without plaque (P = .18).

Relation between microscopic examination and cholesterol levels, flow, and angiography
--------------------------------------------------------------------------------------

Wall thickness did not correlate with cholesterol levels, flow, or angiographic stenosis. There was no difference in cholesterol levels between pigs with or without vein graft plaque. Neither was there difference in flow between vein grafts with or without plaque.

The atherosclerotic plaques were found in 3 of 4 vein grafts with a larger luminal diameter than the common carotid artery, whereas vein grafts with a luminal diameter less than the common carotid artery diameter never contained plaque. This represents a statistically significant difference in plaque occurrence between the veins with luminal diameters larger or smaller than the common carotid artery diameter (P \< .05).

Discussion
==========

We present a large animal model of human-like vein graft disease, including advanced atherosclerosis, in hypercholesterolemic minipigs. Our findings suggest that oversized vein grafts promote the development of atherosclerosis in the graft. Since thrombosis elicited by vein graft atherosclerosis is the main cause of late aortocoronary vein graft failure, this finding may have important clinical implications.

Hypercholesterolemia and vein graft disease
-------------------------------------------

Early aortocoronary vein graft failure with thrombotic occlusion is not related to hypercholesterolemia but rather to surgery related technical factors \[[@B1]\]. Aortocoronary vein graft intimal hyperplasia is ubiquitous in grafts that do not fail early and is regarded as an adaptive response that does not depend on elevated plasma cholesterol levels \[[@B1],[@B12]\]. In contrast, aortocoronary vein graft atherosclerosis and late graft failure is more common in patients with higher plasma cholesterol levels \[[@B13],[@B14]\], and plasma cholesterol lowering decreases the risk of late aortocoronary vein graft failure in patients \[[@B15],[@B16]\].

This is in agreement with findings in mice and rabbits, where normocholesterolemic animals consistently develop vein graft intimal hyperplasia but not vein graft atherosclerosis which has only been observed in severely hypercholesterolemic animals \[[@B17],[@B18]\]. In accordance, normocholesterolemic pigs consistently develop vein graft intimal hyperplasia but not vein graft atherosclerosis \[[@B19]\]. Neither did pigs with modestly elevated cholesterol levels \[[@B20]\]. Our report is the first of vein graft atherosclerosis with advanced plaques containing the dangerous lipid-rich necrotic core in pigs \[[@B21]\].

Flow and vein graft disease
---------------------------

In humans, decreased risk of late aortocoranary vein graft failure was found in grafts bypassing severely stenotic lesions (stenosis degree \> 70%) versus grafts bypassing less stenotic lesions (stenosis degree \< 70%) \[[@B22]\]. Additionally, aneurismal aortocoronary vein grafts have a higher risk of late failure in humans \[[@B23]\]. Based on such findings, it has been hypothesized that lower graft flow through lower endothelial shear stress in the vein graft increases the risk of atherothrombosis and late graft failure.

In normocholesterolemic rabbits and dogs, low flow influences cytokine levels in a direction suspected to be proatherogenic \[[@B24]\], and leads to increased intimal hyperplasia \[[@B25]\]. But a relation between decreased flow and increased vein graft atherosclerosis has not been shown previously in hypercholesterolemic animals. We report a significant relation between vein graft diameter and atherosclerosis in pigs. This finding points to a proatherogenic effect of low endothelial shear stress in vein grafts and may indicate that oversized vein grafts carry increased risk of atherosclerosis and consequential late failure.

In mice, typically the caval vein or external jugular is interpositioned into the carotid artery. In rabbits, usually the external jugular vein is interpositioned into the carotid artery. These vein grafts all have a larger diameter than the native carotid artery which may augment atherosclerosis development in these models and conceal the atheroprotective effect of vein graft diameter below grafted artery diameter. In most pig models, anastomoses are created with the vein and artery ends beveled obliquely to 45 degrees. In this study, the ends were not beveled.

Limitations of this study
-------------------------

We did not assess endothelial shear stress directly, but since the grafts with plaque have larger diameters for the same flow we infer a pathogenic effect mediated through shear stress.

The plaques developed in animal models may not be entirely representative of human disease despite bearing large resemblance, and we did not observe plaque rupture and thrombosis leading to late graft failure. Reproducible animal models of spontaneous plaque rupture and thrombosis do not exist. Although the process may occur rarely, it may occur silently and be missed. With extension of the study duration plaque rupture could occur, but an extension a study like this is costly due to costs of stable facilities and atherogenic diets. Taking our findings into consideration, deliberately using oversized vein grafts would lead to a higher frequency atherosclerotic lesions and thereby increase the likelihood of observing plaque rupture.

As in many other animal studies, we used grafts interpositioned with two end-to-end anastomoses although this differs from the usual use of end-to-side and side-to-side anastomoses used in human coronary artery bypass surgery.

Conclusions
===========

We present a human-like model of vein graft disease including advanced atherosclerosis in hypercholesterolemic minipigs. This is the first report of advanced vein graft atherosclerosis in pigs. We found that oversized vein grafts (diameter of graft \> diameter of artery) increased the risk of advanced vein graft atherosclerosis. Since thrombosis elicited by vein graft atherosclerosis is the main cause of late vein graft failure, this finding indicates that oversized vein grafts may have detrimental effects on clinical outcome.
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